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Compensating lung cancer patients occupationally
exposed to coal tar pitch volatiles

Ben Armstrong, Gilles Theriault

Abstract
Objectives-To investigate the process of
deciding on compensation claims by lung
cancer patients exposed occupationally to
coal tar pitch volatiles.
Methods-For each case of hmg cancer
the probability that it was caused (proba-
bility of causation (PC)) by coal tar pitch
volatiles was expressed as an increasing
function of cumulative exposure to benzo-
a-pyrene-years. This was assessed from
several exposure-response models fitted
to data from a large epidemiological study
of aluminium production workers. For
some models, PC depended also on the
smoking habit of the cancer patient.
Results-Estimation of relative risk by
exposure group indicated that over 50/% of
lung cancers were attributable to coal tar
pitch volatiless (PC >50%) at exposures
above 100 ,ug/m3-years benzo(a)pyrene. A
linear relative risk model indicated that
50% PC was first achieved at 342-2 1ug/m3-
years benzo(a)pyrene, or 190-1 /Lg/m3-
years benzo(a)pyrene according to the
upper 95% confidence limit for risk incre-
ment. Corresponding figures for a power
curve model were 210-3 and 45-9. With
these five figures as compensation criteria
compensation would have resulted in
31-4%, 2-7%, 19-2%, 15-7%, and 39-2% of
cancers studied, compared with an esti-
mated total proportion of cancers studied
attributable to coal tar pitch volatiles of
150/o-26%. If risks due to coal tar pitch
volatiles and smoking multiply, PC does
not depend on the amount smoked. If the
two risks are additive, however, PC
depends on the amount smoked according
to a formula, with the figures mentioned
applying to an average smoking history
(24-4 pack-years).
Conclusion-Because of its simplicity and
because it falls within the range of criteria
based on several more sophisticated
approaches, we prefer the criterion of
100 ,ug/m3-years, based on the relative
risks by exposure group. However, the
compensation board of the Canadian
province of Quebec, on consideration of
these alternatives, has proposed as a
criterion that the upper 95% confidence
limit ofPC for the patient be at least 50%,
assuming an additive relative risk model
and allowing for their smoking habit.

(Occup Environ Aled 1996;53:160-167)
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The production of aluminium metal from alu-
mina by the Soderberg process has in the past
entailed substantial exposures to coal tar pitch
volatiles, and in particular polynuclear aro-
matic hydrocarbons (PAHs). Several epidemi-
ological studies have associated these
exposures in this industry with an excess risk
of lung cancer.' We have recently reported a
further epidemiological study that showed an
association of coal tar pitch volatiles with lung
cancer in Soderberg workers from Quebec,`
not due to confounding by smoking. The
study also estimated the exposure-response
relation between coal tar pitch volatiles and
lung cancer.

In this paper we present evidence from the
epidemiological study that is relevant to the
deciding criteria for whether to compensate
lung cancer victims among aluminium pro-
duction plant workers, and possibly others
exposed to PAHs. This compliments our ear-
lier discussion on compensation of bladder
cancer victims in the same industry.

Methods
USE OF EPIDEMIOLOGICAL DATA IN D)ECI(DING
COMPENSATION
Workers compensation schemes were set up
primarily for the compensation of workers
experiencing occupational injuries. For these
cases, the cause of the injury is rarely a matter
of dispute. This is also true for diseases spe-
cific to the occupation, such as pneumoconiosis
or occupational asthma. Increasingly, diseases
with occupational and non-occupational
causes, and which have no objective features
specific to the occupational cause, have been
the object of compensation claims. Examples
are lung cancer among workers exposed to
asbestos or to radioactive gases, and bladder
cancer among workers exposed to certain
chemicals used in dye and rubber manufactur-
ing. For these diseases, evidence for an occu-
pational cause rests on evidence from
epidemiological studies, and is in the form of
statements on increased risks in groups of
exposed workers. It is not possible to identify
with certainty which specific workers have had
cancer caused by work exposures.

Occasionally, it is possible to assess causes,
with some assumptions, on the basis of the
presence of other pathologies assumed to lie
on the causal path between the occupational
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exposure and the cancer. For example, some
compensation authorities compensate people
with lung cancers who had occupational expo-
sure to asbestos only on evidence of asbestosis.

Compensation is not usually considered
unless a causal association between work and a
cancer has been established beyond reasonable
doubt for groups. The criteria by which this is
done is the subject of epidemiological text
books and a substantial number of journal
articles (Rothman4). This is not the subject of
this review. We assume that a causal assoc-
iation is established for groups of exposed
workers, and discuss whether and how epi-
demiological data can help in deciding
whether to compensate specific cases.

PROBABILITY OF CAUSATION
The concept most often used in this context is
that of probability of causation (PC).5 The PC
can be thought of as the chance that a specific
case of cancer was caused by the exposure in
question. More formally, it is defined from the
risks of cancer in people exposed (Re) and
unexposed (Ri) (both exposed and unexposed
having other risk factors the same as the case)
as:

PC = (Re - R.)/Re
the excess risk divided by the total risk in
exposed people. By dividing top and bottom of
this fraction by R,4, we can express the PC in
terms of the relative risk (RR):

RR = Re/Ru (of exposed v unexposed):

PC= ((ReR,,) - (RI/Ru))/(Re/R) =
(RR - 1)/RR (1)

Note that this means that at a relative risk of
two, the PC is 50%, as is intuitively reason-
able. The PC is known to epidemiologists as
the aetiological fraction, causal fraction, attrib-
utable risk for exposed persons, or attributable
proportion and is equal to the proportion of
excess cases in the exposed population relative
to the unexposed population.
The RR in formula (1), and hence the PC,

will usually depend on the quantity of expo-
sure. Sometimes, the RR and PC depend also
on other factors, sometimes they do not. For
example, relative risk of lung cancer after a
given exposure to asbestos is usually supposed
to be independent of age, even though
absolute risk increases with age. We say that
the risks due to age and to asbestos multiply. If
this is so, we do not need to know cases' ages
to be able to calculate their PCs. However,
sometimes risks do not multiply, so that the
RR is different for different ages. When this is
true, we need to know the cases' ages to
calculate their PCs.

This argument is true also when the second
risk factor is avoidable, such as smoking. For
example, assume that the lifetime risk of lung
cancer in a non-smoker is 1 %, and that of a
smoker is 10%. Assume further that an occu-
pational exposure doubles the risk (RR = 2)
for both smokers and non-smokers (the risks
multiply). Then for non-smokers, R. = 1 %,
R, = 2%, and for a non-smoking case the PC
from occupational exposure is (2 - 1)/2 =

50%. For smokers, R. = 10%, Re = 20%,
and for a smoking case the PC from occupa-
tional exposure is (20 - 10)/20 = 50%, the
same as for a non-smoking case ((2 - 1)/2).
For a smoking case, the PC for smoking is
(20 - 2)/20 = 90%. The PCs for occupa-
tional exposure and smoking thus added are
50 + 90 = 140%. This result, which is some-
times found counter intuitive, is nevertheless
well established.6 In 100 workers, there would
be 20 cancers if they smoked and were
exposed to the occupational risk factor, 10 if
they smoked but were not exposed to the
occupational risk factor, 2 if they were exposed
to the occupational risk factor but did not
smoke, and 1 if they were exposed to neither.
Given multiplication of risks, the combined
action of both contaminants is more than the
sum of each.

However, where the risks do not multiply,
the RR and PC will depend on the value of the
second risk factor. For example, an occupa-
tional exposure might add to rather than multi-
ply with background age specific risks of lung
cancer. Then, because lung cancer rates rise
with age, the PC will be higher in a young case
than an old case, if the exposures are the same
in the two. Similarly, if risks due to smoking
and those due to the occupational exposure
are additive, the PC will depend on whether
and how much a case smoked. For example,
assume that the background lifetime risk of
dying from lung cancer in non-smokers was
1% as before, the occupational exposure
added 10% and smoking added 9%. Then for
smokers, K. = 10%, Re = 20%, RR = 20/10
= 2, and for a smoking case the PC =

(20 - 10)/20 = 50%, as in the previous
example, in which the risks multiplied.
However, for non-smokers, 1 = 1%, Re =
11, RR = 1 1, and for a non-smoking case the
PC = (11 - 1)/11 = 91%, much higher than
in the previous example, and higher than for
a smoking case.

USE OF THE PC IN DECIDING COMPENSATION
The definition and properties of PCs are the
concern of science. Whether and how PCs are
used in deciding compensation is as much a
matter for the legal, social, and political
process as it is for science.
The "preponderance of evidence" rule in

law courts in the United States for plaintiffs in
civil "toxic tort" suits formally requires
demonstration that the PC for a cancer is
greater than 50%.7 This is contrasted with the
"beyond reasonable doubt" criterion required
for a conviction in a criminal case. In practice,
individual plaintiffs have apparently often
been successful even where the PC has been
less than 10%, apparently due to the judges
evaluating the probability that the exposure
had contributed to rather than caused cancer.8
The same principle is often used, usually

crudely, in deciding whether to compensate
workers. Thus, where a causal association with
RR >2 has been established, workers are
considered eligible for compensation. This is
often on the basis of simple tables of RR by
duration of exposure in an exposed depart-
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ment. However, where there are exposure
summaries such as cumulative exposure,
which explain risk better, they are often
used.9
The use of RR estimates in subjects

grouped by exposure have the advantage of
simplicity, but may often depend critically on
the choice of group boundaries, which are
arbitrary. The use of mathematical models for
RR avoids this, at the expense of loss of sim-
plicity.

Initially an automatic compensation crite-
rion was set for cases of bladder cancer among
aluminium production workers in Quebec at
that exposure that was estimated by a model to
give a PC of 50%. Here, to give the "benefit of
the doubt" to the worker, the 95% upper con-
fidence limit (UCL) for the risk estimate was
used to calculate this value. The workers
compensation board of British Columbia also
chose to use a PC of 50% as a compensation
criterion. However, they opted to use that
based on the point estimate for risk, rather
than the confidence limit.

For gold miners in Ontario, the Ontario
Industrial Disease Standards Panel proposed
ranking cases according to a cumulative expo-
sure index and hence PC. However, rather
than choosing the minimum exposure that
would result in compensation as that giving
50% PC, they proposed a level that made the
number of cases above that level in the epi-
demiological study equal to the excess esti-
mated (using the 95% UCL) to be due to
exposure. In fact this coincided with an RR of
about 1-4, and hence a PC of 0-4/14=
29%.10

For uranium miners in Ontario, the
Industrial Diseases Standards Panel proposed
as a criterion, cumulative exposure to radio-
active gases that gave an RR of 2 (PC of 50%).
They allowed benefit of the doubt to the
worker in favourable assumptions of past
exposures, where these were in doubt.9
The best known direct use of the PC has

been in compensation decisions on cancers
related to radiation. The United States
Congress 1983 Orphan Drug Act required the
National Institutes of Health to develop tables
of the PCs for use in compensation deci-
sions." These tables showed PC as a function
of total dose of radiation. Because the associa-
tion of risk and dose varies by anatomical site,
separate tables were produced for each cancer
site. Under this law, if the PC is less than
10%, claimants are not compensated, and if
the PC is greater than 50%, claimants receive
full compensation. For a PC between 10%
and 50%, claimants receive compensation
equal to their PC times the full compensation
sum. For example, someone with a PC =
30% would receive 30% of the amount
received by someone with a PC >50%. Such
proportional compensation schemes have
attractive features for use in workers' compen-
sation, in particular avoiding a cut off point
above which a claimant gets a large sum of
money, and below which they get nothing.'2
However, we are not aware of any application
by workers' compensation boards.

CRITIQUES OF THE PC AS A COMPENSATION
CRITERION
Chase et al "3 discuss eligibility for compensa-
tion in lung cancer patients among workers
exposed to asbestos. They object to an
approach based on the PC because, under the
multiplicative model for the combined effect
of asbestos and smoking (which they
assumed), the PC approach treats smokers
and non-smokers alike. They argue that
because much of the additional absolute risk
due to asbestos in smokers is due to the syner-
gism of asbestos with smoking, smokers have,
by choosing to smoke, augmented the risk per
unit asbestos exposure. They propose that
compensation be based on a concept that they
call "risk apportioned to asbestos" (RAA).
RAA is defined as:

RAA = ((a - 1)(as - 1))/(as(a + s - 2)) (2)
where a is the RR due to asbestos alone, and s
is the RR due to smoking alone. For a non-
smoker, s = 1, and RAA = (a - 1)/a = PC.
For a smoker, s > 1, and hence RAA < PC, by
an amount that depends on the level of
smoking. They suggest that in calculating s,
smoking before the United States Surgeon
General's first clear warning that smoking was
harmful to health (taken as 1966) should not
be counted.
We allow the definition (1) of the PC to

apply when the RR refers to ratios of incidence
rates (hazard ratios) as well as ratios of risks in
the strict sense of probabilities of contracting
the disease or dying from it in a fixed period of
time. Robins and Greenland'4 '7 argue that this
extension does not allow the interpretation
that the PC represents the proportion of cases
that would not have occurred over a period of
time without the exposure. We nevertheless
feel confident in using PCs with this interpre-
tation here because in this population the haz-
ard ratios will be very similar to ratios of
lifelong risk of lung cancer. This is so because
lung cancer remains a rare disease. We need
not enter into the debate as to usefulness of
PCs when hazard ratios do not approximate to
lifelong RRs.

RELATION BETWEEN COAL TAR PITCH
VOLATILES AND LUNG CANCER IN ALUMINIUM
PRODUCTION WORKERS
We concluded from our epidemiological
study2 and the sum of earlier knowledge, that
there had clearly been an excess of lung cancer
in the plant studied that was caused by occu-
pational exposures, and that coal tar pitch
volatiles were easily the most likely specific
cause. The arguments leading to this conclu-
sion have been published previously,2 and are
not repeated here.
The study showed clearly increased risks,

after controlling for smoking, in Soderberg
potroom workers, and suggested increased
risks in workers in other departments in which
there was some exposure to coal tar pitch
volatiles. There was no evidence for a thresh-
old level of coal tar pitch volatiles below which
the risk was zero, and no such threshold would
generally be expected for a carcinogen. The
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data were compatible with a linear relation of
RR with coal tar pitch volatiles, but showed
some tendency towards a steeper slope at
lower exposures, which was represented math-
ematically as a power curve model. Coal tar
pitch volatiles were measured as benzene
soluble matter and as benzo(a)pyrene. The
association with lung cancer was similar
for benzene soluble matter and for
benzo(a)pyrene, but as benzo(a)pyrene was
initially expected to be more closely related to
the causal agents, PAHs, we concentrate our
attention on this.

There was no evidence in the data for a
minimum period of time (latency or induction
time) before which exposure affected risk.
Nevertheless, general knowledge on mecha-
nisms of the action of chemicals on occurrence
of cancer suggests that the exposure in the
immediate five years before death was unlikely
to have affected risk. In the mathematical
models for risk, we do not count this exposure.
The best fitting linear model for RR

(RR(x)) of a subject exposed to x pg/m3-years
of coal tar pitch volatiles is given by:

RR(x) = 1 +fix (3)

with /1 = 0-002922 (95% confidence interval
(95% CI) 0-001 168-0.005261)2. According to
the alternative power curve model:

RR(x) = 1 + fxP (4)

with p = 0-380, and = 0-131 (95% CI
0-060-0-234, p fixed). For example, at 200
yug/m3-years of benzo(a)pyrene, the RR is
estimated at 1 + (0-0029 x 200) = 1-58,
(95% CI 1 24-2-06) with the linear model,
and 1 + (0 131 x 2000380) = 1-98, (95% CI
1-45-2-75) with the power curve model. Both
models were compatible with the data.
From analyses of data on the smoking

habits of workers, we found that non-exposed
workers smoked to the same extent as exposed
workers. Thus smoking did not confound the
relation between coal tar pitch volatiles and
lung cancer. Also, the data were consistent
with the hypothesis that the relation (2)
applied equally to smokers and non-smokers
(although the baseline risk is obviously less for
non-smokers). This is the multiplicative model
for the combined effect of smoking and coal
tar pitch volatiles. However, the data were also
consistent with the additive model, under
which the RR is higher for non-smokers than
smokers. The appendix gives mathematical
details of these two models, with implications
for calculating PC.
The study was of mortality from lung can-

cer, whereas presumably incident cases will
apply for compensation. Because of the high
mortality of lung cancer, statements that we
make about RR and PC for lung cancer deaths
will also apply as a very good approximation to
incident cases.

ESTIMATING PCS FOR THE ALUMINIUM
PRODUCTION WORKERS
To estimate a PC from tables of RRs in a
group-for example, 10-19 mglm3-years ben-
zene soluble matter-we simply calculate (1 -

RR)/RR. From the mathematical models, the
PC is given by expression (1):

PC(x) = (RR(x) - 1)/RR(x)

As we also assume that RR(x) = 1 + Oix, we
can re-express this as

PC(x) = fix/(l + fix) (5)
An estimate and 95% CI for /5 are already
given.

This formula ignores smoking. As we have
noted above, if the risks of smoking and expo-
sure to coal tar pitch volatiles multiply, the
same formula applies to all subjects, whatever
their smoking history. However, data from the
study, and existing knowledge of the action of
carcinogens, are compatible with either a mul-
tiplicative or additive combination of risks due
to smoking and coal tar pitch volatiles. We
therefore calculate two tables of PCs, one
assuming the multiplicative model equation
(5), one assuming the additive model, where
(see appendix):

PC(x) = 9-05fix/(1 + (0-33 x pack-years) +
9 05fix) (6)

Results
Before proceeding to estimate the PC, we use
the published results from the study to esti-
mate the total fraction of cases in the study
attributable to exposure to coal tar pitch
volatiles. This global attributable fraction may
be thought of as a PC for a case for which the
only information was that he was in the study.
However, we do not use this information
directly to decide a compensation criterion,
but as a benchmark with which to compare
criteria that use other estimates of the PC
which differentiate between workers.
A simple estimate of this global attributable

fraction is obtained by estimating risk in all
exposed workers (>10 'g/m3-years benzo(a)-
pyrene), relative to the unexposed workers.
This RR is 1 75 (1 41-2 19), implying that the
proportion of exposed cases attributable to
their exposure was (1 - 1-75)/1-75 = 42-9%
(95% CI 29d1-54-3). Because 59-2% of cases
were exposed, this gives an attributable frac-
tion in all workers combined of 59-2 x 42-9
= 25-4% (95% CI 17-7-32-2). Summing the
attributable numbers from the table of RR by
grouped exposure gives the same estimate.
The estimated attributable fraction with the
linear RR model is 14-7% (7 8-20 9), and
with the power curve model is 20-4%
(16-6-38-4).
One way to set a compensation criterion is

to choose a minimum exposure that would
allow compensation of the right proportion of
cases in the study. For example, to have com-
pensated 25-4% of cases would require a crite-
rion of 141 ,ug/m3-years benzo(a)pyrene.
The simplest approach to estimating the PC

in a manner that differentiates between work-
ers is to use the analysis of RR according to
duration of work in each department. This
shows, after adjustment for confounding, RRs
in excess of two (PC >50%) for workers work-
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Table 1 Probability (%695% CIs)) that lung cancer was caused by exposure to coal tar pitch volatiles (benzo(a)pyrene): linear model

Benzo(a) Multi- Additive model: by smoking (pack-years)
pyrene plicative
(,Ug/M3-.y) model 0 10 20 30 40 50 60 70 80

0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0 0-0
(0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0) (0-0, 0-0)

50 12-7 56-9 23-5 14-8 10-8 8-5 7-0 6-0 5-2 4-6
(5-5, 20 8) (34-6, 70-4) (10-9, 35-6) (6-5, 23-9) (4-6, 17-9) (3-6, 14-4) (2-9, 12-0) (2-5, 10-3) (2-1, 9-0) (1-9, 8-0)

100 22-6 72-6 38-1 25-8 19-5 15-7 13-1 11-3 9 9 8-8
(10-5, 34-5) (51-4, 82-6) (19-7, 52-5) (12-2, 38-5) (8-8, 30-4) (6-9, 25-1) (5-7, 21-4) (4-8, 18-6) (4-2, 16-5) (3-7, 14-8)

150 30 5 79-9 48-0 34-3 26-7 21-8 18-5 16-0 14-1 12-6
(14-9, 44-1) (61-3, 87-7) (26-9, 62-4) (17-3, 48-5) (12-7, 39-6) (10-0, 35-5) (8-3, 29-0) (7-1, 25-6) (6-2, 22-9) (5-5, 20-7)

200 36-9 84-1 55-2 41-0 32-7 27-1 23-2 20-3 18-0 16-2
(18-9, 51-3) (67-9, 90 5) (33-0, 68-9) (21-8, 55-6) (16-2, 46-6) (13-0, 40-1) (10-8, 35-2) (9-2, 31-4) (8-1, 28-3) (7-2, 25-8)

250 42-2 86-9 60-6 46-5 37-8 31-8 27-4 24-1 21-5 19-4
(22-6, 56-8) (72-6, 92-3) (38-1, 73-5) (25-8, 61-0) (19-5, 52-62) (15-7, 45-6) (13-1, 40-5) (11-3, 36-4) (9-9, 33-1) (8 8, 30 3)

300 46-7 88-8 64-9 51-1 42-1 35-8 31-2 27-6 24-8 22-5
(25-9, 61-2) (76-0, 93-5) (42-5, 76 9) (29-4, 65 3) (22-5, 56-7) (18-3, 50-2) (15-3, 44-9) (13-2, 40 7) (11.6, 37.2) (10-4, 34-3)

350 50-6 90-3 68-3 54-9 459 39-5 34-6 30-8 27-8 25-3
(29-0, 64 8) (78-7, 94-3) (46-3, 79-5) (32-7, 68-7) (25-3, 60-5) (20-7, 54-0) (17-5, 48-8) (15-1, 44 5) (13-3, 40-9) (11-9, 37-8)

400 53-9 91-4 71-1 58-2 49 3 42-7 37-7 33-7 30-5 27-9
(31-8, 67-8) (80-9, 95 0) (49-6, 81-6) (35-8, 71-5) (28-0, 63-6) (22-9, 57-3) (19-5, 52-1) (16-9, 47-8) (14-9, 44-1) (13-4, 41-0)

The exact parameter values used to obtain these figures are given in the appendix.

ing more than 20 years in the Soderberg
potrooms (74 cases) or in the carbon plant (6
cases).
The next step in sophistication is to use the

simple grouped analysis by cumulative expo-
sure. This showed RR in excess of two (PC
>50%) at 100 ug/m3-years benzo(a)pyrene.2
Although the PC dips slightly below 50% in
some of the higher groups, this suggests a pos-
sible minimum exposure criterion of 100
,ug/m'-years benzo(a)pyrene (106 cases).

Finally, we use mathematical models for
risk. Table 1 shows the estimated PC according
to the linear models for exposure to coal tar
pitch volatiles and smoking, given cumulative
exposure to coal tar pitch volatiles and to ciga-
rettes measured as pack-years (average num-
ber of packs a day x years smoked). If we
assume the multiplicative model (first column)
the PC is the same regardless of how much the
case smoked (see above). The estimate rises
from zero for the unexposed workers to 53-9%
at 400 pug/m3-years benzo(a)pyrene, reaching
50% between 300 and 350 1ug/m3 years. The
CIs for PCs are also given. These show, for
example that, at the upper limit for /3, the PC
reaches 50% at just below 200 /Ug/m3-years
benzo(a)pyrene.

If we assume the additive model (remaining
columns), the PC decreases, for a given expo-

sure to coal tar pitch volatiles, with the case's
pack-years of smoking. Thus for a non-
smoker, an exposure of only 50 pug/m3-years
benzo(a)pyrene is estimated as quite likely to
have been the cause of his cancer (PC =
56&9%), whereas for a heavy smoker (80 pack-
years), an exposure of even 400 pug/m3-years
benzo(a)pyrene is estimated as unlikely (PC
= 27.9%) to have been the cause of his can-
cer.

Table 2 is analogous to table 1, except that it
is based on a curved rather than linear model.
According to this model, more workers would
meet minimum exposure criteria based on the
50% PC than would under the linear models.

In table 3 we present the exposures for
which a PC is 50%, according to the mathe-
matical models. Two columns are given for
each model, one uses the point estimate of /3,
and one uses the upper 95% confidence limit
(UCL) of /3, giving a lower 95% confidence
limit (LCL) of the exposure. For example,
under the linear additive model, a heavy
smoker has to have 786A4 ug/m3-years
benzo(a)pyrene to show an even (50%) chance
that his cancer was caused by exposure to coal
tar pitch volatiles (436 8 according to the
UCL for /3). A non-smoker, on the other hand,
has only to have 37'84 pug/m3-years
benzo(a)pyrene (or 21 0 with the UCL). The

Table 2 Probability (% (95% CIs)) that lung cancer was caused by exposure to coal tar pitch volatiles (benzo(a)pyrene): power curve model

Benzo(a) Multi-
pyrene plicative
(pg/i-ny) model

0

50

100

150

200

250

300

350

400

0-0
(0-0, 0-0)
36-7
(20-8, 50-8)
43-0
(25-5, 57-3)
46-8
(28-5, 61-0)
49-5
(30-8, 63-6)
51-6
(32-6, 65-5)
53-4
(34-2, 67-1)
54-8
(35-5, 68-4)
56-1
(36-7, 69-5)

Additive model: by smoking (pack-years)

0

0-0
(0-0, 0-0)
84-0
(70-4, 90-3)
87-2
(75-6, 92-4)
88-8
(78-3, 93 4)
89-9
(80-1, 94-1)
90-6
(81-4, 94-5)
91-2
(82-5, 94-9)
91-7
(83-3, 95-1)
92-0
(84-0, 95-4)

10

0-0
(0-0, 0-0)
55-0
(35-6, 68-5)
61-4
(41-9, 73-9)
64-9
(45-7, 76-7)
67-4
(48-4, 78-6)
69-2
(50-5, 80-0)
70-7
(52-2, 81-1)
71-9
(53-7, 82-0)
72-9
(54-9, 82-7)

20

0-0
(0-0, 0-0)
40-8
(23-9, 55-2)
47-3
(29-0, 61-5)
51-2
(32-2, 65-1)
53-9
(34-6, 67-6)
56-0
(36-6, 69-4)
57-7
(38-2, 70-8)
59-1
(39-6, 72-0)
60-3
(40-8, 73-0)

30

0-0
(0-0, 0-0)
32-5
(17-9, 46-2)
38-5
(22-1, 52-7)
42-2
(24-9, 56-6)
44-9
(27-0, 59-2)
47-0
(28-7, 61-2)
48-7
(30-1, 62-9)
50-2
(31-4, 64-2)
51-5
(32-5, 65-4)

40

0-0
(0-0, 0-0)
27-0
(14-4, 39-7)
32-5
(17-9, 46-1)
35-9
(20-3, 50-0)
38-5
(22-1, 52-7)
40-5
(23-6, 54-8)
42-2
(24-9, 56-5)
43-6
(26-0, 57-9)
44-9
(27-0, 59-2)

CIs for the power curve model are calculated assuming that the power parameter is fixed.
The exact parameter values used to obtain these figures are given in the appendix.

50 60 70 80

0-0
(0-0, 0-0)
23-1
(12-0, 34-8)
28-1
(15-0, 41-0)
31-3
(17-1, 44-8)
33-7
(18-7, 47-5)
35-6
(20-0, 49-6)
37-2
(21-2, 51-3)
38-6
(22-2, 52-8)
39-8
(23-0, 54-0)

0-0
(0-0, 0-0)
20-1
(10-3, 31-0)
24-7
(13-0, 36-9)
27-7
(14-8, 40-5)
29-9
(16-2, 43-2)
31-7
(17-4, 45-3)
33-2
(18-4, 47-0)
34-6
(19-3, 48-5)
35-7
(20-1, 49-7)

0-0
(0-0, 0-0)
17-9
(9-0, 28-0)
22-1
(11-4, 33-5)
24-8
(13-0, 37-1)
26-9
(14-3, 39-6)
28-6
(15-4, 41-7)
30-1
(16-3, 43-4)
31-3
(17-1, 44-8)
32-4
(17-9, 46-1)

0-0
(0-0, 0-0)
16-1
(8-0, 25-4)
19-9

(10-2, 30-7)
22-5
(11-6, 34-1)
24-5
(12-8, 36-6)
26-1
(13-8, 38-6)
27-4
(14-6, 40-2)
28-6
(15-4, 41-7)
29-7
(16-1, 42-9)
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Table 3 Exposures (pglm3-.years benzo(a)pyrene) for which PC >50% (cases meeting exposure criterion (%))

Models of Linear model Power curve model
exposure
and Point Upper Point Upper
smoking estimate confidence limit estimate confidence limit

Multiplicative model 342-2 (2-7) 190 1 (19 2) 210-3 (15-7) 45-9 (39-3)
Additive model:

0 p-y 37-8 (40 2) 21-0 (46-7) 0-6 (78-1) 0 1 (83-7)
10 p-y 162-6 (22 2) 90 3 (32-5) 29 6 (42 3) 6-5 (61-5)
20 p-y 287-3 (6 2) 159-6 (22-8) 132-7 (26 6) 29-0 (42 9)
30 p-y 412-1 (1-8) 228-9 (13-0) 343-2 (2 7) 74-9 (34 0)
40 p-y 536-9 (0-9) 298-2 (4 7) 688-9 (0 3) 150-4 (23 4)
50 p-y 661-6 (0 3) 367 5 (2 7) 1194-8 (0 0) 260-8 (9 5)
60p-y 786-4 (0-3) 4368 (1-8) 1883-7 (00) 411-1 (1 8)
70 p-y 911-2 (0 0) 506 1 (1-5) 2776-6 (0-0) 606-1 (0 9)
80 p-y 1035-9 (0 0) 575-4 (0 9) 3893-9 (0 0) 849-1 (83 7)

The exposures are given by the formula (1/#)IP for the multiplicative model, and ((1 + (0-33 x pack-years))/9 05#)'P for the
additive model. The exact parameter values used to obtain these figures are given in the appendix (p = 1 for the linear model).
p-y = pack-years.

50% PC exposure for the multiplicative model
(342-2 ,ug/m3-years benzo(a)pyrene; 190-1
with the UCL) does not depend on smoking.
Note that it is the same as that given by the
formula for the additive model applied to a
subject with average smoking history-24A4
pack-years. The qualifying exposures for the
power curve model are lower than those for
the linear model, for the multiplicative model,
and for light smokers under the additive
model, but higher for heavy smokers under the
additive model. Table 3 also gives the propor-
tion of the 338 cases in the study that
exceeded the cumulative exposures shown,
and thus would have been compensated if
these had been used as minimum qualifying
exposures.

For the additive model, the percentages
show, for each level of smoking, the propor-
tion of all 338 cases that exceed the exposure
shown, regardless of their smoking habit. It
was not possible to obtain actual smoking
numbers, as the smoking information is
unknown or of poor quality for many of them.
However, as there was no evidence for associa-
tion between smoking and exposure to coal tar
pitch volatiles, the percentages should be good
approximate estimates of the proportions after
dividing subjects by exposure, if smoking
habits are obtained without bias.
About the same overall proportion of cases

would be compensated with a minimum expo-
sure criteria based on the multiplicative model
as one based on the additive model. Different
people would be compensated, however, with
the additive model favouring non-smokers or
low smokers.

Although not listed on the tables, we also
applied the approach of Chase et al13 (see
appendix). According to this, the "risk appor-
tioned to coal tar pitch volatiles" is for non-
smokers the same as the PC for the
multiplicative model, but for smokers it
reduces rapidly from this figure with pack-
years. At just 10 pack-years, the risk appor-
tioned to a case at the highest listed level of
exposure (400 ,ug/m3-years) is 23%, and 36%
if the upper 95% confidence limit is used.
Thus, applying this criterion would result in
many fewer cases being compensated than
were caused by coal tar pitch volatiles, in the
sense that they would not have occurred with-
out exposure to coal tar pitch volatiles. A crite-
rion lower than 50% could be used to remedy

this, in which case the approach would give
results somewhat similar to those with the PC
and the additive model for smoking and coal
tar pitch volatiles, with slightly less contrast
between smokers and non-smokers. We did
not, in calculating pack-years, exclude those
before 1966 (taken as the United States
Surgeon-general's first clear warning of the
hazards of smoking), as the significance of this
date, at least in Canada, was unclear.

Discussion
Allowing for all the uncertainties, we think
that a causal association between exposure to
coal tar pitch volatiles and lung cancer in the
smelter studied is beyond reasonable doubt.'
Given the similarity of the constituents of coal
tar pitch volatiles in this and other Soderberg
plants it is highly likely that this is so for these
plants too, although the level of risk will differ if
the level of emissions is different. In the
absence of other data, the exposure-response
relations estimated from the Quebec smelter
remain the best basis for estimating risk and
assessing cause of disease after exposure in
other Soderberg plants. Extrapolation of this
relation to other workers exposed to PAHs is
more speculative, but where other closer data
do not exist, it may not be unreasonable, espe-
cially if the PAH profile is found to be similar.
We propose the PC as a basis for considering

compensation claims, despite the critiques
that have been mounted against it. The con-
cept of apportioned risk advanced by Chase et
al13, unlike the PC, is not a standard epidemi-
ological one, and in particular does not corre-
spond in any sense to the proportion of cases
that would not have occurred without expo-
sure. It seems to be an arbitrary alternative
way of dividing the risk due to the combined
action of smoking and asbestos so that smok-
ers are less likely to obtain compensation, even
if they have the same PC as a non-smoker. We
can find no record of the approach being used
in compensation for workers. Furthermore, its
application here would compensate far fewer
cases than were shown to be due to exposure
to coal tar pitch volatiles in the epidemiologi-
cal sense. Robins and Greeenland's objections
to the concept of the PC are, we have argued,
only academic in the context that risks affect
only a small proportion of exposed subjects.
We therefore propose the PC as the best avail-
able practical aid to assessing cause of disease.
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Table 4 Some possible compensation criteria

Cases compensated
Basis Criterionf n (O,)

1 The exposure that would have allowed (a) > 141 0* 86 (25 4)
compensation of the same proportion of (b) ,2123* 50 (147)
cases studied that were attributed to (c) > 181-3* 69 (20 4)
coal tar pitch volatiles, according to: (a)
a grouped analysis; (b) the linear model;
and (c) the power curve model.

2 Analysis by department: RR>2, PC>50% > 20 years in Soderberg 80 (23-7)
potroom or carbon plant

3 Analysis by cumulative exposure in groups > 100 106 (31-4)
RR>2, PC>50%

4 Linear model for benzo(a)pyrene: point ) 342-2 (- 5 years*) (additive 9 (2 7)
estimate of fi; RR>2, PC>50% model depends on smoking)

5 Linear model for benzo(a)pyrene 95% ) 190-1 (-5 years) (additive 64 (192)
upper confidence limit for fi; RR>2, model depends on smoking)
PC>50%

6 Power curve model for benzo(a)pyrene: >210-3 (-5 years*) (additive 53 (15-7)
point estimate of fi; RR>2, PC>50% model depends on smoking)

7 Power curve model for benzo(a)pyrene 95% > 459 (-5 years*) (additive 133 (39 2)
upper confidence limit for /1; RR>2, model depends on smoking)
PC>50%

*Criteria 1 and 4-7 are based on mathematical models in which cumulative exposure occurring in
the past five years before diagnosis was not counted. Criteria 2 and 3 are based on tabulation of
risk, in which all exposure was counted.
tCriteria are measured in pg/iM3-years benzo(a)pyrene, except for criterion 2.

The estimate of PC is only as good as the
exposure-response relation from which it is
derived. Apart from sampling uncertainty,
reflected in the confidence intervals, the expo-
sure-response models are subject to uncer-
tainty due to possible biases that afflict all
epidemiological studies to some degree:
uncontrolled confounding bias and informa-
tion bias. We argued elsewhere2 that our study
was not immune from such bias, but it was
unlikely to be so strong as to radically alter
results.
The form of the model used for the expo-

sure-response relation is usually influential in
determining the PC. We are confident that the
models used are compatible with the data, but
are unable to discriminate between impor-
tantly different models empirically, and are
unable to exclude other possible models. The
model implicit in the tabulation of risk by
exposure categories has arbitrary boundaries
between categories, but has the advantage of
simplicity. Of the mathematical models, we
prefer the linear to the slightly better fitting
power curve model, because it is simpler, and
standard in research on carcinogens. Never-
theless, the power curve model serves as an
illustration of the influence of choice of model
in deciding PC. Between the additive and
multiplicative models for the combined action
of coal tar pitch volatiles and smoking, we pre-
fer the multiplicative model because of its sim-
plicity, but we cannot discriminate between
the two by how well they fit the data .

If an all or nothing decision on compensa-
tion is required, we must choose, in addition
to a model, a minimum exposure criterion.
This choice is not solely a scientific one. We
have assumed that there is particular interest
in the exposure at which the PC is 50%,
because of precedent in the Quebec and other
workers' compensation boards. However,
choice of another level of PC, compensation
on a sliding scale proportional to the PC, or
not using the PC, is no less "scientific".

Table 4 summarises several possible ways
to identify cases, each scientifically defend-
able, for which the PC >50%. Unfortunately,
different approaches lead to quite substantially
different criteria. The approach summarised in
the first row of table 4 takes as minimum
exposure criterion that exposure which would
have allowed compensation of the total pro-
portion of cases studied that were attributed to
coal tar pitch volatiles. The uncertainties due
to model choice are relatively small. The lowest
figure (141 ,ug/m3-years benzo(a)pyrene) could
perhaps be justified on the grounds of giving
the benefit of doubt to the worker, and
because of simplicity in its derivation.
However, a weakness of this approach is its
dependence on the particular workforce stud-
ied. The same criterion applied to another
workforce, or even the same workforce in
future years, would not compensate the
"right" proportion of cases.
The second and third options, based on

subjects grouped by exposure, are the simplest
to explain. Such grouped analyses being used
to decide compensation may be criticised as
depending on choice of cut off points, which is
arbitrary, and it often leads to many fewer
cases being compensated than are attributable
to work exposures. Here, however, the propor-
tions compensated lie close to those estimated
as attributable to coal tar pitch volatiles.
Options 4-7 rely more on "black box" statisti-
cal techniques, but are arguably more rational
in assuming plausible smooth exposure-
response relations. The use of the additive
models for smoking and coal tar pitch volatiles
adds further complexity, and requires knowl-
edge of smoking history of cases in pack-years,
which may be difficult to ascertain accurately.

Given the uncertainties in all approaches,
we suggest that if 50% PC is considered desir-
able, the simple approach listed as 3 in table 4
(>100 4ug/m3-years benzo(a)pyrene) is the
most attractive. It can be justified simply, on
the basis of published tables of risk.2 It can be
said to give a slight benefit of the doubt to
workers in that it would be likely to compen-
sate a somewhat higher fraction of cases than
were actually caused by coal tar pitch volatiles.
It is preferable to the also simple option 2
(> 20 years in the potroom), if estimates of
exposure to benzo(a)pyrene are available,
because it would apply in other plants with dif-
ferent levels of exposure.

After considering the alternatives, the com-
pensation board of the Canadian Province of
Quebec propose to compensate all cancer
cases for whom their PC is greater than 50%,
according to the upper 95% confidence limit
of a risk predicted by the linear RR model.
The board prefer the additive model for smok-
ing and effects of coal tar pitch volatiles, so
that workers require less exposure to qualify
for compensation if they smoked less.
Proposed qualifying exposures are thus those
given in the second column of table 3. For
example, (in ,g/m3-years benzo(a)pyrene):
never-smokers: 21 0; 20 pack-years: 159-6; 40
pack-years: 298-2; 60 pack-years: 436-8.
Given typical past potroom exposures of about
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10 pg/M3 benzo(a)pyrene, this implies that
non-smokers will be compensated even with a
very short duration of average potroom expo-
sure, moderate smokers if exposed for a long
period, and heavy smokers probably not at all.

Others contributing to the work on which this report is based
include D Baris, M Hodge, C Tremblay, and A Vandal. We
were also influenced by an unpublished report by J Spinelli and
P Band of the British Columbia Cancer Agency, and we are
indebted to the workers and management of Alcan Aluminium
for their cooperation.

Appendix: The combined effect of coal tar pitch
volatiles (CTPV) and smoking
Our model for lung cancer relative risk (strictly hazard
ratio) and exposure to CTPV, without considering
smoking (expression 2 in the main text), was:

RR(xI x2) = RR(xI, x2)/RR(xI = 0, x2) =
(1 + YIxI +y2x2)/{ 1 + 'Y2X2} (A6)

Thus:

PC(xI x2) = (RR(xI X2) - 1)/RR(X1 X2) =
YIxI/(l + yXl + Y2X2) (A7)

Substituting y = 9-05fl and y, = 0-33 yields expression
(6) of the main text.
Analogous expressions for the power curve model

are obtained by replacing flx, and ylx, by ffxP and
YAxP. The exact parameter estimates used to calculate
the figures in the tables were: fi = 5,' = 0-002922
(0-001168-0-005261), /ff, = 0-1313579 (0 0595975-
0 2340497), p = 0 3795, fl2 = 72 = 0 33.
The calculation of "risk apportioned to CTPV"

(RACTPV) from the linear multiplicative model, with
the approach of Chase et al," is immediate from
expression (2) and (A2):

RR(x) = 1 + fx. (Al)

To extend this, we denote cumulative exposure to
CTPV as x,, and pack-years of smoking as x2. We con-
sider two models: a linear multiplicative model:

RR(x,, x2) = (1 + #,x,) (1 + 42x2) (A2)

and a linear additive model:

RR(x,, x2) = 1 + yx, + Y2X2- (A3)

There was evidence in our data that exposure to
CTPV was not associated with smoking, but because of
limitations in the quality of smoking information, we
considered it undesirable to directly estimate the smok-
ing model parameters from it.

For the multiplicative model, the absence of an asso-
ciation between smoking and exposure to CTPV allows
us to use the estimate ofa from model (Al) as an esti-
mate of ai, in model (A2). An estimate of fl2 is not
required to make an estimate of PC, because the smok-
ing effect cancels, giving:

PC(x) = lx,/(1 + ax,), (A4)

whatever the level of smoking.
For the additive model we require estimates of the

parameters y, and y2. We used an estimate of y2 from a
large study of cancer carried out in Montreal.'9 This
study was chosen from among several as the most likely
to be relevant for our population, but results from other
studies on smoking and lung cancer give similar results.
The estimate of Y2 (increment in relative risk per pack-
year) was 0 33, with 95% CI 0-20-0-62 (Siemiatycki,
personal communication). We estimated y, from a5,
assuming that the average pack-years in study subjects is
equal to 24-4, the mean among those with reasonable
quality smoking data at the mean age at death (64
years). This implies a mean "baseline" lung cancer risk,
given this smoking habit, of 1 + (0-33 x 24-4) = 9 05
times that of a group comprised entirely of non-smokers.
Thus the observed exposure-response relation for
CTPV (RR(x) = 1 + fx) may be taken to apply to a
baseline risk 9 05 times that of non-smokers. The para-
meter y', which can be thought of as the increment of
relative risk per unit CTPV in a non-smoker, is thus
9 05 times the increment a5 (model Al) found for the
study population as a whole:

y, = 9o05/ (A5)
Risk of lung cancer in a subject with CTPV = x,, and

pack-years = x2, relative to someone with the same
smoking history but not exposed to CTPV (x, = 0, x2) is:

RACTPV =f,x,((l +flix,)((I + flx2))
/(( + fIXI)(1 + flX2) IXI + 4l2X2)) (A8)
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